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Clinical PerspectiveWhat Is New?Collecting duct nitric oxide synthase 1β is critical for sodium homeostasis, fluid‐electrolyte balance, and subsequent blood pressure regulation during high salt intake.High salt--induced activation of collecting duct nitric oxide synthase 1β signaling induces suppression of the systemic and intrarenal renin‐angiotensin‐aldosterone system, thereby modulating the abundance and activity of epithelial sodium channel and other sodium transporters to maintain sodium homeostasis.What Are the Clinical Implications?Salt sensitivity occurs in patients with hypertension, as well as those with normotension.If activation of collecting duct nitric oxide synthase 1β fails during high salt intake, a rightward shift in the pressure‐natriuresis relationship would result.Mutations in nitric oxide synthase 1 correlate with hypertension in patients; it is possible that these mutations prevent activation of nitric oxide synthase 1 and result in salt‐sensitive blood pressure changes.

Introduction {#jah32566-sec-0008}
============

Consuming a diet high in sodium is common in industrialized parts of the world. During sodium excess, renal sodium‐retaining mechanisms are downregulated and natriuretic mechanisms are upregulated. It is well accepted that the renin‐angiotensin‐aldosterone‐system (RAAS) is critical for anti‐natriuresis during low sodium (LS) intake, and that nitric oxide (NO), atrial natriuretic peptide, endothelin‐1, and prostaglandins are critical for promoting natriuresis during high sodium (HS) intake. We reported that deletion of NO synthase 1 (NOS1, or neuronal NO synthase) from the principal cells of the collecting duct (CD) results in sodium and water retention and a sodium‐dependent increase in blood pressure (BP).[1](#jah32566-bib-0001){ref-type="ref"} NOS1 is expressed as alternative splice variants in the rat and mouse kidney.[1](#jah32566-bib-0001){ref-type="ref"}, [2](#jah32566-bib-0002){ref-type="ref"}, [3](#jah32566-bib-0003){ref-type="ref"} It is the NOS1β splice variant (130 kDa) that is predominantly expressed in the mouse and human renal medulla,[1](#jah32566-bib-0001){ref-type="ref"}, [4](#jah32566-bib-0004){ref-type="ref"} and NOS1β is critical for maintaining fluid‐electrolyte balance.[1](#jah32566-bib-0001){ref-type="ref"} Furthermore, we showed that CD NOS1β expression is critical for acute regulation of the epithelial sodium channel (ENaC) open probability.[5](#jah32566-bib-0005){ref-type="ref"} These data led us to propose that during chronic HS feeding, CD NOS1β promotes natriuresis via inhibition of ENaC activity.

Angiotensin II (AngII) infusion is not only a common experimental model,[6](#jah32566-bib-0006){ref-type="ref"}, [7](#jah32566-bib-0007){ref-type="ref"}, [8](#jah32566-bib-0008){ref-type="ref"} but is also clinically relevant as extensive use of therapies to treat hypertension and cardiovascular diseases target the RAAS (eg, angiotensin‐converting enzyme \[ACE\] inhibitors, AngII receptor blockers, or mineralocorticoid receptor antagonists).[9](#jah32566-bib-0009){ref-type="ref"}, [10](#jah32566-bib-0010){ref-type="ref"} Over the past decade, studies have demonstrated that activation of the intrarenal renin‐angiotensin system (RAS) can result in sodium retention and hypertension, independent from the systemic RAS.[7](#jah32566-bib-0007){ref-type="ref"}, [11](#jah32566-bib-0011){ref-type="ref"} Stimulation of the renal derived RAS activates sodium transporters and channels and blunts pressure natriuresis to maintain sodium homeostasis.[7](#jah32566-bib-0007){ref-type="ref"} Furthermore, studies suggest that the renal NOS system and intrarenal RAS systems interact. In a model of systemic AngII‐induced hypertension (65 ng/min AngII, 14 days), the significant increase in renal NO acts to maintain cortical perfusion.[12](#jah32566-bib-0012){ref-type="ref"} Furthermore, in a hypertension model of NO synthase inhibition (with L‐NAME), with low‐systemic AngII, intrarenal ACE prevents adequate sodium transporter depression, resulting in increased BP.[13](#jah32566-bib-0013){ref-type="ref"} Taken together, these studies suggest that renal NO production counteracts the antinatriuretic actions of AngII. The purpose of this study was to test the hypothesis that HS‐induced activation of the NOS1β pathway in the CD is critical for maintaining sodium homeostasis and downregulation of the renin‐angiotensin‐aldosterone‐ENaC axis, thus providing mechanistic insight into the natriuretic effect of CD NO production.

Methods {#jah32566-sec-0009}
=======

Animals {#jah32566-sec-0010}
-------

All animal use and welfare adhered to the National Institutes of Health Guide for the Care and Use of Laboratory Animals following a protocol reviewed and approved by the Institutional Laboratory Animal Care and Use Committee of the University of Alabama at Birmingham and the University of Texas Health Science Center at San Antonio. CD NOS1β knockout (CDNOS1KO) and littermate flox control mice were bred at the University of Alabama at Birmingham as previously described.[1](#jah32566-bib-0001){ref-type="ref"} Male CDNOS1KO and control (12--20 weeks of age) mice were maintained with standard chow (0.3% Na; Teklad 7917, Envigo). For dietary sodium challenges, all mice were switched from the standard normal sodium (NS) chow to the NS (TD.96208, 0.2% Na), sodium deficient (LS) (TD.90228, \<0.01% Na), or HS (TD.92034, 1.6% Na) pellet diets for 7 days. A separate group of mice were maintained on standard NS chow and fasted overnight. Water was provided ad libitum. For tissue collections, mice were anesthetized with constant inhalation of 2% isoflurane followed by thoracotomy.

Split‐open tubule patch clamping experiments were performed at the University of Texas Health Science Center at San Antonio. The mice were maintained on standard chow (0.32% Na^+^; Teklad 7912, Harlan), but placed on the same aforementioned sodium‐deficient and HS diets for 7 days before the experiments. Water was provided ad libitum.

Metabolic Cage Studies {#jah32566-sec-0011}
----------------------

Mice were housed individually in metabolic cages from day 3 to day 6 of the dietary intervention. CDNOS1KO mice (n=9) and controls (n=11) were placed on gel diets as previously described,[1](#jah32566-bib-0001){ref-type="ref"} where the sodium concentrations were \<0.01% for LS, 0.2% for NS, and 1.6% for HS. Urine was collected under water‐saturated mineral oil at 24‐hour increments. Day 6 urine was centrifuged at 1000*g* for 10 minutes, to pellet any debris, and aliquots were stored at −80°C until analysis.

Plasma and Urine Analyses {#jah32566-sec-0012}
-------------------------

Mice were anesthetized by constant inhalation of 2% isoflurane. Whole blood was collected via cardiac puncture through the diaphragm into heparinized syringes. The blood was centrifuged within 30 minutes at 1000*g* for 10 minutes to isolate the plasma. Plasma was collected from 9 [am]{.smallcaps} to 11 [am]{.smallcaps}. Plasma sodium, potassium, and chloride were immediately determined by ion‐specific electrode (Easylyte Plus, Medica). The remaining plasma was aliquoted and frozen for future analysis of renin and aldosterone. In order to obtain enough plasma to run these analyses, multiple groups of mice were needed. Samples sizes are recorded in the figure legends. Plasma aldosterone was measured by radioimmunoassay (Siemens, Coat‐A‐Count Aldosterone). Plasma renin concentration was determined following the method of Ramkumar et al.[14](#jah32566-bib-0014){ref-type="ref"}

Plasma AngII was determined from trunk blood samples collected with EDTA as the anticoagulant from a separate group of restrained, conscious mice. Blood was immediately centrifuged at 1500*g* for 2 minutes, and the plasma extracted in 2 mL of ice‐cold methanol. The samples were centrifuged 1500*g* for 30 minutes at 4°C, and the methanol evaporated with a heated speed vacuum centrifuge (37°C for 2 hours). AngII concentration was determined using a Peninsula AngII EIA kit (S‐1133).

Urinary aldosterone excretion was measured by ELISA (Cayman Chemical) from urine collections of nonrestrained, conscious mice. Urinary aldosterone concentration was multiplied by urine volume to determine excretion. Urinary sodium and potassium were determined by ion selective electrodes (EasyLyte Plus) and concentration was multiplied by urine volume to determine excretion.

Isolated, Split‐Open CD Preparation {#jah32566-sec-0013}
-----------------------------------

Isolation of CDs suitable for electrophysiology has been described.[15](#jah32566-bib-0015){ref-type="ref"}, [16](#jah32566-bib-0016){ref-type="ref"} ENaC activity in principal cells of murine CDs was quantified in cell‐attached patches of the apical membrane made under voltage‐clamp conditions (−V~p~=−60 mV) using standard procedures.[5](#jah32566-bib-0005){ref-type="ref"}, [15](#jah32566-bib-0015){ref-type="ref"}, [16](#jah32566-bib-0016){ref-type="ref"} As recording of the current tracings continued, the number of channels and open probability (P~o~) were determined as described in detail elsewhere.[5](#jah32566-bib-0005){ref-type="ref"}, [15](#jah32566-bib-0015){ref-type="ref"}, [16](#jah32566-bib-0016){ref-type="ref"}

Tissue Collection and Immunohistochemistry {#jah32566-sec-0014}
------------------------------------------

Both kidneys were excised and immediately dissected into cortex, outer medulla, and inner medullary samples. These were snap‐frozen and stored at −80°C. From an additional group of animals, the kidneys were removed, decapsulated, and fixed in 10% neutral buffered formalin for 24 hours. The kidneys were then embedded in paraffin wax with cross sections and sagittal sections of 5 μm placed on Superfrost Plus glass slides (Fisher Scientific). Slides were analyzed for angiotensinogen. In short, slides were warmed to 61°C and the paraffin removed with Histo‐Clear (National Diagnostics). The slides were rehydrated through changes of 100% to 70% ethanol in water. Endogenous peroxidase activity was blocked by incubation for 30 minutes at room temperature in 3% hydrogen peroxide (diluted in water). Slides were then steamed in antigen retrieval solution (Dako) for 30 minutes and allowed to cool to room temperature. After a 20‐minute protein block step (Biocare, Rodent Block M), slides were incubated in 1 μg/mL anti‐mouse/rat angiotensinogen (rabbit IgG affinity purified, IBL America) overnight in a humidified chamber at 4°C. Excess primary antibody was removed by 3 washes in 10 mmol/L phosphate buffered saline. Immunoreactivity was visualized using Rabbit on Rodent‐HRP polymer (Biocare) and diaminobenzidine (Dako) following manufacturer\'s instructions. The slides were then counterstained for 5 minutes in hematoxylin (Leica), dehydrated with increasing concentrations of ethanol, and mounted. Angiotensinogen immunoreactivity was evaluated by 2 investigators blinded to the identity of sections with a Bx43 microscope fitted with a DP80 camera, and images taken with cellSens Dimension software (v1.12, Olympus).

Quantitative Polymerase Chain Reaction and Western Blotting {#jah32566-sec-0015}
-----------------------------------------------------------

Total RNA was extracted from cortical samples of control and CDNOS1KO mice using Tri‐Reagent following the manufacturer\'s instructions (Sigma). Total RNA was also extracted from both adrenal glands of control and CDNOS1KO mice using the Ambion RNAqueous‐Micro Total RNA Isolation Kit (ThermoFisher). For cortex 5 μg of RNA and for adrenal glands 1 μg of RNA were reverse transcribed using Invitrogen\'s SuperScript III RT‐Kit and relative quantitative expression of *renin*,*angiotensinogen*,*AT1a*,*AT1b*,*AT2*,*ACE1*,*ACE2*,*CYP11B1*, and *CYP11B2* were determined using Bio‐Rad SsoAdvanced Universal SYBR Green Supermix and commercially available primers from Qiagen.

Western blots for a panel of ion transporters and channels, and components of the intrarenal RAAS were completed with renal cortical or inner medullary samples. Cortex or inner medulla samples were homogenized in ice‐cold lysis buffer (20 mmol/L Tris, 150 mmol/L NaCl, 0.5% Triton X‐100, 1 mmol/L EDTA, 1 mmol/L EGTA, 10 μmol/L leupeptin, 2 μmol/L pepstatin A, 1 mmol/L phenylmethylsulfonyl fluoride, and pH 7.5) plus phosphatase inhibitor (Pierce, \#88667). For sodium, potassium, two chloride cotransporter (NKCC2) Western blotting, hypotonic buffer (250 mmol/L sucrose, 30 mmol/L Tris, 1 mmol/L EDTA, 2 μg/mL leupeptin, 100 μg/mL phenylmethylsulfonyl fluoride, and pH 7.5) was used to homogenize the samples. The homogenates were centrifuged 5000*g* for 5 minutes to pellet debris and protein concentration of the resulting supernatant measured by Bradford assay (Quick Start, Bio‐Rad). For cortical samples 30 μg of protein or for inner medullary samples 10 μg of sample were separated by SDS‐PAGE, transferred to polyvinylidene fluoride membranes and incubated in primary antibodies overnight at 4°C while shaking. Immunoreactivity was visualized using fluorescently tagged secondary antibodies (0.1 ng/mL) and the LI‐COR infrared Odyssey Imaging System. Antibodies used in this study can be found in Table [1](#jah32566-tbl-0001){ref-type="table"} and have been previously validated.[17](#jah32566-bib-0017){ref-type="ref"}, [18](#jah32566-bib-0018){ref-type="ref"} To ensure equal loading of all samples, Western blots for actin and Coomassie Blue staining of each membrane were performed. Band intensity was determined by the LI‐COR Odyssey Software Image Studio. Representative blots, including blots for actin and Coomassie controls, are shown in each figure.

###### 

Antibodies Used in This Study

  Antibody          Company or Investigator                                          Host     Catalog    Concentration or Dilution
  ----------------- ---------------------------------------------------------------- -------- ---------- ---------------------------
  αENaC             Dr Loffing                                                       Rabbit              1/2000
  γENaC             StressMarq                                                       Rabbit   SPC‐405    1/1000
  NCC               Dr McDonough                                                     Rabbit              1/1000
  NHE3              Dr McDonough                                                     Rabbit              1/1000
  NKA α5            Developmental Studies Hybridoma Bank at the University of Iowa   Mouse               1/1000
  NKA beta          Dr McDonough                                                     Rabbit              1/1000
  pNCCT53           Dr Loffing                                                       Rabbit              1/1000
  pNCCT58           Dr Loffing                                                       Rabbit              1/1000
  pNHE3             Santa Cruz Biotechnology                                         Mouse    SC‐53962   0.2 μg/mL
  NKCC2             StressMarq                                                       Rabbit   SPC‐401D   1 μg/mL
  Renin/prorenin    Santa Cruz Biotechnology                                         Goat     sc‐27318   0.2 μg/mL
  Angiotensinogen   IBL America                                                      Rabbit   28101      0.1 μg/mL
  ACE1              Santa Cruz Biotechnology                                         Rabbit   sc‐20791   0.2 μg/mL
  ACE2              Santa Cruz Biotechnology                                         Rabbit   sc‐20998   0.2 μg/mL
  β‐actin           Sigma                                                            Mouse    A1978      0.1 ng/mL

ACE indicates angiotensin‐converting enzyme; ENaC, epithelial sodium channel; NCC, sodium‐chloride cotransporter; NHE3, sodium‐hydrogen exchanger 3; NKA, sodium, potassium ATPase; NKCC2, sodium, potassium, two chloride cotransporter; pNCCT53, phosphorylated sodium‐chloride cotransporter T53; pNCCT58, phosphorylated sodium‐chloride cotransporter T58, pNHE3, phosphorylated sodium‐hydrogen exchanger.

Renal Cortical AngII Concentration and ACE Activity {#jah32566-sec-0016}
---------------------------------------------------

Twenty microgram cortex samples from control and CDNOS1KO mice were extracted in 2 mL of ice‐cold methanol by glass‐on‐glass homogenization. The samples were then centrifuged at 1500*g* for 30 minutes at 4°C and the supernatant lyophilized at 37°C. The lyophilized samples were stored at −80°C until analyzed by enzyme immunoassay (AngII EIA \#S‐1133; Peninsula Laboratories International, Inc). AngII concentration was normalized to wet cortex weight.

Renal ACE activity was assessed in renal cortex homogenates as previously described.[19](#jah32566-bib-0019){ref-type="ref"} To confirm the assay specificity, an aliquot of each sample was assessed in the presence of the ACE inhibitor captopril. Only the hydrolytic activity inhibited by captopril was considered for calculations.

Data and Statistical Analyses {#jah32566-sec-0017}
-----------------------------

Quantitative polymerase chain reaction data were analyzed using the 2^−ΔΔCT^ (with *Gapdh* as the control gene, and normalization to the control NS group). Western blot densitometry data were relative to the control NS group or control HS group (for experiments where only HS experiments were performed). Two‐factor ANOVA (genotype and diet) with Bonferroni\'s multiple comparisons test or unpaired 2‐tailed Student *t* tests were used to determine statistical significance and α=0.05.

Results {#jah32566-sec-0018}
=======

Deletion of CD NOS1 Results in Exaggerated Aldosterone and Plasma Sodium During HS Intake {#jah32566-sec-0019}
-----------------------------------------------------------------------------------------

To determine whether systemic RAAS was altered in CDNOS1KO mice, plasma renin concentration, aldosterone, and AngII were measured. Plasma renin concentration was appropriately suppressed in both genotypes as the salt in the diet was increased (Figure [1](#jah32566-fig-0001){ref-type="fig"}A). Furthermore, plasma AngII levels were also appropriately suppressed in both genotypes following the HS diet (control NS=22.5±2.5 fmol/mL, control HS=12.5±2.5 fmol/mL; CDNOS1KO NS=21.1±3.5 fmol/mL, CDNOS1KO HS=18.1±3.4 fmol/mL: *P* ~diet~=0.04, *P* ~genotype\ and\ genotype×diet~\>0.05). As dietary sodium increased, control mice had significantly reduced plasma aldosterone concentration and urinary aldosterone excretion (Figure [1](#jah32566-fig-0001){ref-type="fig"}B and [1](#jah32566-fig-0001){ref-type="fig"}C). Although CDNOS1KO mice on an NS or HS diet had significantly reduced plasma aldosterone compared with those on an LS diet (Figure [1](#jah32566-fig-0001){ref-type="fig"}C), there was no further suppression with the HS diet. As a consequence, CDNOS1KO have significantly greater plasma aldosterone on an HS diet compared with control mice on an HS diet (Figure [1](#jah32566-fig-0001){ref-type="fig"}B).

![Plasma renin concentration (PRC), plasma aldosterone, and urinary aldosterone excretion from flox control and CD NOS1β knockout (CDNOS1KO) mice on 1 week of low sodium (LS), normal sodium (NS), or high sodium (HS) diets. Box plots with minimum and maximum are plotted for (A) PRC control (n=6/diet) and KO (n=7/diet). B, Plasma aldosterone, control NS and HS (n=8) and CDNOS1KO NS and HS (n=11). C, Urinary aldosterone excretion, control LS (n=6), NS and HS (n=11), CDNOS1KO LS (n=5), and NS and HS (n=9). \*Represents *P*\<0.05 compared with control, ^†^ *P*\<0.05 compared with NS, ^‡^ *P*\<0.05 compared with HS.](JAH3-6-e006896-g001){#jah32566-fig-0001}

Plasma sodium, chloride, and potassium were determined in LS‐, NS‐, and HS‐fed mice. On an LS and an NS diet, there were no significant differences in plasma sodium (Figure [2](#jah32566-fig-0002){ref-type="fig"}A), plasma chloride (Figure [2](#jah32566-fig-0002){ref-type="fig"}B), or plasma potassium (Figure [2](#jah32566-fig-0002){ref-type="fig"}C) between the genotypes. However, plasma sodium under an HS diet significantly increased to 142±2 mEq/L, an average 3‐mEq increase, in control mice (Figure [2](#jah32566-fig-0002){ref-type="fig"}A). Plasma sodium was further elevated by an average of 7 mEq to 149±0.9 mEq/L in CDNOS1KO mice on an HS diet (Figure [2](#jah32566-fig-0002){ref-type="fig"}A; *P* ~genotype~=0.04, *P* ~diet~\<0.001, *P* ~genotype×diet~=0.01). Plasma chloride and potassium were not significantly affected by HS diet in either genotype (Figure [2](#jah32566-fig-0002){ref-type="fig"}B and [2](#jah32566-fig-0002){ref-type="fig"}C; all *P* ~genotype,\ diet\ and\ genotype×diet~\>0.05). Plasma hematocrit was also not significantly different between the control mice (36.1±0.8%) and the CDNOS1KO mice (37.2±0.3%, *P*=0.3) on an HS diet. Steady‐state urinary sodium excretion increased with greater dietary sodium; however, it was not statistically different between the genotypes (Table [2](#jah32566-tbl-0002){ref-type="table"}). Steady‐state urinary potassium excretion was not significantly different between genotypes or among diets (Table [2](#jah32566-tbl-0002){ref-type="table"}). To determine whether plasma potassium is properly regulated in CDNOS1KO mice, mice maintained on an NS diet underwent overnight fasting (3 [pm]{.smallcaps} until 8 [am]{.smallcaps}). Fasting plasma sodium was not significantly different between control and CDNOS1KO mice (Figure [2](#jah32566-fig-0002){ref-type="fig"}D; *P*=0.9). However, fasting plasma potassium was significantly elevated in CDNOS1KO mice compared with control mice (Figure [2](#jah32566-fig-0002){ref-type="fig"}E; *P*=0.02).

![Plasma electrolytes from control and collecting duct nitric oxide synthase 1β knockout (CDNOS1KO) mice on 1 week of low sodium (LS), normal sodium (NS), or high sodium (HS) diets. Plasma collected in the morning. A, Plasma sodium, (B) plasma potassium, (C) plasma chloride. Control LS (n=8), NS (n=5), and HS (n=5). CDNOS1KO LS (n=6), NS (n=5), and HS (n=9). D and E, Plasma from mice on an NS diet that underwent an overnight fast and plasma collected in the morning. D, Fasted plasma sodium and (E) fasted plasma potassium. Control (n=5) and CDNOS1KO (n=7). \*Represents *P*\<0.05 compared with control, ^†^ *P*\<0.05 compared with NS. KO indicates knockout.](JAH3-6-e006896-g002){#jah32566-fig-0002}

###### 

Steady‐State Urinary Excretion

                 LS        NS                                                                                       HS                                                                                                                                                                                                   
  -------------- --------- ---------------------------------------------------------------------------------------- --------- ---------------------------------------------------------------------------------------- --------- ---------- ------ -------- ------ ---------------------------------------------- ------ ----------------------------------------------
  Genotype       Control   CDNOS1KO                                                                                 Control   CDNOS1KO                                                                                 Control   CDNOS1KO                                                                                
  No.            6         6                                                                                        6         6                                                                                        6         6                                                                                       
  UNaV, mmol/d   0.09      (0.02)[a](#jah32566-note-0003){ref-type="fn"}, [b](#jah32566-note-0004){ref-type="fn"}   0.1       (0.02)[a](#jah32566-note-0003){ref-type="fn"}, [b](#jah32566-note-0004){ref-type="fn"}   0.45      (0.03)     0.41   (0.05)   5.0    (0.3)[a](#jah32566-note-0003){ref-type="fn"}   4.1    (0.4)[a](#jah32566-note-0003){ref-type="fn"}
  UKV, mmol/d    0.34      (0.04)                                                                                   0.29      (0.04)                                                                                   0.32      (0.03)     0.29   (0.02)   0.30   (0.04)                                         0.30   (0.03)

Mean (SEM). CDNOS1KO indicates collecting duct nitric oxide synthase 1β knockout; LS, low sodium; UNaV, urinary sodium excretion; UKV, urinary potassium excretion.

*P*\<0.05 compared with normal sodium (NS).

*P*\<0.05 compared with high sodium (HS).

Adrenal RAAS Expression is Altered in CDNOS1KO Mice on an HS Diet {#jah32566-sec-0020}
-----------------------------------------------------------------

Studies have determined that many organs, including the adrenal glands,[20](#jah32566-bib-0020){ref-type="ref"} have a RAAS including renal‐independent renin.[21](#jah32566-bib-0021){ref-type="ref"} To determine whether the intra‐adrenal RAAS was altered in CDNOS1KO mice on an HS diet, we measured mRNA expression of *AT1*,*AT2*, and *renin*. Although adrenal *renin* expression was not significantly different between control and CDNOS1KO mice on an HS diet, *AT1a* and *AT1b* levels were significantly elevated in the knockout mouse (Table [3](#jah32566-tbl-0003){ref-type="table"}). Adrenal *AT2* mRNA was below detection in either genotype (Table [3](#jah32566-tbl-0003){ref-type="table"}). The mRNA for the enzymes *CYP11B1* (converts deoxycorticosterone to corticosterone) and *CYP11B2* (converts corticosterone to aldosterone) were not significantly different between the control and CDNOS1KO mice on an HS diet (Table [3](#jah32566-tbl-0003){ref-type="table"}).

###### 

Adrenal mRNA Expression From Control and CDNOS1KO Mice on a High Sodium Diet

              Control   CDNOS1KO   *P* Value           
  ----------- --------- ---------- ----------- ------- ------
  No.         5         5                              
  *Renin*     1.0       (0.3)      1.3         (0.6)   0.6
  *AT1a*      1.0       (0.04)     1.5         (0.2)   0.03
  *AT1b*      1.0       (0.1)      1.8         (0.2)   0.01
  *AT2*       b.d.      b.d.                           
  *Cyp11B1*   1.0       (0.2)      1.0         (0.2)   0.9
  *Cyp11B2*   1.0       (0.2)      1.4         (0.3)   0.3

Mean (SEM). *AT1* indicates angiotensin II type 1; *AT2*, angiotensin II receptor type 2; b.d., below detection; CDNOS1KO, collecting duct nitric oxide synthase 1β knockout.

*P*\<0.05.

Deletion of CD NOS1 Results in ENaC Activation With HS Intake {#jah32566-sec-0021}
-------------------------------------------------------------

ENaC activity, channel number, and P~o~ were determined in split‐open cortical CDs from control and CDNOS1KO mice on day 7 of LS, NS, or HS diets. We previously reported that on an NS diet, control and CDNOS1KO mice have similar ENaC activity, channel number, and P~o~,[5](#jah32566-bib-0005){ref-type="ref"} confirmed herein (Figure [3](#jah32566-fig-0003){ref-type="fig"}A through [3](#jah32566-fig-0003){ref-type="fig"}C, respectively). Likewise, in mice on an LS diet, there were no statistically significant differences in ENaC activity, channel number, or P~o~ between the genotypes or compared with those on an NS diet (Figure [3](#jah32566-fig-0003){ref-type="fig"}A through [3](#jah32566-fig-0003){ref-type="fig"}C). Control mice on an HS diet showed the expected reduction in ENaC activity, and P~o~ (Figure [3](#jah32566-fig-0003){ref-type="fig"}A and [3](#jah32566-fig-0003){ref-type="fig"}C; *P*\<0.05) and tended to have a reduction in channel number (Figure [3](#jah32566-fig-0003){ref-type="fig"}B; *P*=0.09). Conversely, compared with control mice on an HS diet, CDNOS1KO mice had significantly higher ENaC activity, channel number, and P~o~ (Figure [3](#jah32566-fig-0003){ref-type="fig"}A through [3](#jah32566-fig-0003){ref-type="fig"}C; *P*\<0.05). Further, CDNOS1KO mice had significantly higher α*ENaC* mRNA expression on LS, NS and HS diets versus control mice (Figure [3](#jah32566-fig-0003){ref-type="fig"}D; *P*\<0.001). Protein abundance of cortical αENaC in tissue lysates from CDNOS1KO mice on an HS diet was similar to control mice on an HS diet. Proteolytic cleavage of αENaC was not significantly different in cortical lysates of CDNOS1KO mice compared with control mice on an HS diet (Figure [3](#jah32566-fig-0003){ref-type="fig"}E). Moreover, cortical γENaC (93 kDa) expression (control=1.0±0.3 AU, CDNOS1KO=1.3±0.2, *P*=0.4) and cleavage product (80 kDa) were not significantly different between control and CDNOS1KO mice on an HS diet (Figure [3](#jah32566-fig-0003){ref-type="fig"}F; *P*=0.8).

![Cortical epithelial sodium channel (ENaC) activity and expression from control and collecting duct nitric oxide synthase 1β knockout (CDNOS1KO) mice on 1 week of low sodium (LS), normal sodium (NS), or high sodium (HS) diets. HS diet resulted in significantly reduced ENaC (A) activity (NP ~o~), (B) open probability (P~o~), and (C) channel number (N) in cortical collecting ducts. However, dietary sodium does not significantly affect ENaC (A) NP ~o~, (B) N, or (C) P~o~ in cortical collecting ducts from CDNOS1KO mice. Observation numbers for electrophysiological experiments: control LS=17, NS=25, HS=9; CDNOS1KO LS=19, NS=58, HS=21. D, αENaC mRNA expression was significantly higher in CDNOS1KO mice compared with controls on all salt diets. E, There were no significant differences in full length or proteolytic cleavage of αENaC or (F) γENaC in cortical lysates of CDNOS1KO mice compared with controls on an HS diet. Numbers are mean±SEM densitometric values relative to controls. Control: NS (n=5), HS (n=9); CDNOS1KO:NS=6, and HS=8. \*Represents *P*\<0.05 compared with control, ^†^ *P*\<0.05 compared with NS.](JAH3-6-e006896-g003){#jah32566-fig-0003}

Deletion of CD NOS1 Increases Other Sodium Transporter Expression With HS Intake {#jah32566-sec-0022}
--------------------------------------------------------------------------------

Sodium balance involves regulation of a number of renal sodium channels and transporters along the nephron. To determine whether other sodium transporters were also significantly altered by deletion of NOS1β from the CD, we performed Western blots on cortical lysates for a panel of transporters (Figure [4](#jah32566-fig-0004){ref-type="fig"}) with the antibodies utilized shown in Table [1](#jah32566-tbl-0001){ref-type="table"}. As seen in the representative blots, CDNOS1KO mice on an NS diet had significantly higher expression of phosphorylated sodium‐chloride cotransporter (NCC; both T53 and T58), without a change in expression of total NCC. On an HS diet, there was a significant reduction in phosphorylated and total NCC in both genotypes when compared with those on an NS diet. However, CDNOS1KO mice presented with significantly higher phosphorylated NCC when compared with controls on an HS diet. Cortical NKCC2 was significantly higher in CDNOS1KO mice on NS and HS diets compared with controls, although HS feeding significantly reduced sodium--potassium--chloride cotransporter expression in both genotypes (*P* ~diet~\<0.001, *P* ~Genotype~=0.05, *P* ~diet×genotype~=0.9). There was no statistically significant effect of diet or genotype on the cortical expression of sodium, potassium ATPase α or β subunit, sodium‐hydrogen exchanger 3, or phosphorylated sodium‐hydrogen exchanger 3 (S552).

![Representative Western blots of sodium transporters from flox control and collecting duct nitric oxide synthase 1β knockout (CDNOS1KO) mice on a normal sodium (NS) diet or 1 week on a high sodium (HS) diet. Numbers are mean densitometry values normalized to flox NS for each protein. Representative actin‐ and Coomassie Blue--stained membranes demonstrate equal loading of samples among groups. Mean±SEM reported. Control NS (n=5), HS (n=9), CDNOS1KO NS (n=6), and HS (n=8). \*Represents *P*\<0.05 compared with control, ^†^ *P*\<0.05 compared with NS. NCC indicates sodium‐chloride cotransporter; NHE, sodium‐hydrogen exchanger; NKA, sodium, potassium ATPase; NKCC2, sodium, potassium, two chloride cotransporter.](JAH3-6-e006896-g004){#jah32566-fig-0004}

Cortical AngII is Elevated in CDNOS1KO Mice {#jah32566-sec-0023}
-------------------------------------------

To determine whether deletion of CD NOS1 resulted in changes in intrarenal RAS, we determined mRNA and protein expression of several components of the intrarenal RAS from cortex samples. From the immunohistochemical analysis, angiotensinogen was expressed in proximal tubules at a similar distribution between control and CDNOS1KO mice on LS, NS, and HS diets (Figure [5](#jah32566-fig-0005){ref-type="fig"}A). Cortical AngII content was also measured. In samples from control mice, cortical AngII significantly decreased as dietary sodium increased (Figure [5](#jah32566-fig-0005){ref-type="fig"}B). However, CDNOS1KO mice presented with a similar amount of cortical AngII regardless of the sodium in the diet (Figure [5](#jah32566-fig-0005){ref-type="fig"}B). As a consequence, CDNOS1KO mice on an HS diet presented with significantly greater cortical AngII than control mice (Figure [5](#jah32566-fig-0005){ref-type="fig"}B). Interestingly, CDNOS1KO mice had significantly lower cortical AngII levels on an LS diet compared with control mice (Figure [5](#jah32566-fig-0005){ref-type="fig"}B). As shown in Figure [5](#jah32566-fig-0005){ref-type="fig"}C through [5](#jah32566-fig-0005){ref-type="fig"}I, mRNA expression of *renin*,*AT1a*,*AT2*, and *ACE1* were similar between the genotypes with LS, NS, or HS diets. Expression of *angiotensinogen* was significantly higher with an LS diet in both genotypes and *ACE2* was lower with an LS diet in both genotypes (Figure [5](#jah32566-fig-0005){ref-type="fig"}C and [5](#jah32566-fig-0005){ref-type="fig"}F). Paradoxically, *AT1b* mRNA expression was found to be significantly higher with the NS diet in CDNOS1KO mice (Figure [5](#jah32566-fig-0005){ref-type="fig"}H). Cortical protein expression of prorenin/renin and angiotensinogen was similar between flox and CDNOS1KO mice, regardless of the sodium in the diet (Figure [6](#jah32566-fig-0006){ref-type="fig"}A). Prorenin was detected in the inner medullary lysates from flox and CDNOS1KO mice on an HS diet. However, there was no significant difference between abundance levels (Figure [6](#jah32566-fig-0006){ref-type="fig"}B). Furthermore, cortical ACE protein abundance (Figure [6](#jah32566-fig-0006){ref-type="fig"}C) and activity (Figure [6](#jah32566-fig-0006){ref-type="fig"}D) were not significantly different between the genotypes on an HS diet (*P*\>0.05).

![Protein expression of angiotensinogen (Agt) and angiotensin II (AngII) in flox control and collecting duct nitric oxide synthase 1β knockout (CDNOS1KO) mice and cortical mRNA expression of the AngII axis. Mice were fed a low sodium (LS), normal sodium (NS), or high sodium (HS) diet for 1 week. A, Representative sections of cortex stained with anti‐AngII or anti‐Agt. Negative controls lack primary antibodies. B, Cortical AngII content from control and CDNOS1KO mice on an HS diet (n=5/group). C through I, Relative to control NS, cortical mRNA expression of (C) *Agt*, (D) *renin*, (E) *angiotensin‐converting enzyme* (*ACE*)*1*, (F) *ACE2*, (G) *angiotensin II receptor 1a* (*AT1a*), (H) *AT1b*, and (I) *AT2* (n=4/group). \*Represents *P*\<0.05 compared with control, ^†^ *P*\<0.05 compared with NS. KO indicates knockout.](JAH3-6-e006896-g005){#jah32566-fig-0005}

![Protein abundance of angiotensinogen (Agt), renin, and angiotensin‐converting enzyme (ACE). A, Representative Western blots of cortical prorenin/renin, Agt, and loading control actin‐ and Coomassie Blue--stained membranes. Numbers are relative to control normal sodium (NS) densitometry and are mean±SEM NS (n=5/group) and high sodium (HS; n=3/group). B, Representative Western blots of prorenin expression in the inner medulla of mice on an HS diet (n=6/group). C, Representative Western blots of cortical ACE1 and ACE2. Numbers are relative to control densitometry and are mean±SEM HS (n=3/group). D, Cortical ACE activity after 1 week of an HS diet as expressed relative to control ACE activity. Control mice (N=7) and collecting duct nitric oxide synthase 1β knockout (CDNOS1KO) mice (N=4). KO indicates knockout.](JAH3-6-e006896-g006){#jah32566-fig-0006}

Discussion {#jah32566-sec-0024}
==========

It is well established that in healthy individuals an increase in dietary sodium intake is balanced through an increase in sodium excretion. During high dietary sodium, generally there is suppression of the RAAS and intrarenal RAS with activation of natriuretic pathways including renal NO production to promote natriuresis. However, mechanistic insight into how the RAAS is suppressed and how NO promotes natriuresis is obscure. The current study has uncovered a unique interaction between CD NOS1β, RAAS, and intrarenal RAS during HS feeding, highlighting that loss of a single gene in the principal cell of the CD leads to systemic effects during HS feeding. CDNOS1KO mice exhibited a significant increase in plasma sodium with inappropriately high circulating aldosterone but normal plasma potassium, plasma renin concentration, and plasma AngII concentration. However, lacking NOS1β in the CD resulted in increased renal AngII concentration that was independent of changes in renal angiotensinogen expression, renal ACE activity, or plasma renin concentration. These systemic and renal RAAS effects under HS conditions were coupled with higher ENaC and NCC activity and NKCC2 abundance compared with control mice. These results point to a mechanism whereby HS‐induced activation of NOS1β in the CD regulates sodium homeostasis by suppression of aldosterone, suppression of renal AngII content, and inhibition of sodium reabsorption along the nephron.

The aldosterone‐sensitive distal nephron plays a pivotal role in the regulation of ion balance.[22](#jah32566-bib-0022){ref-type="ref"} There are a number of diseases that result in pathological handling of sodium and potassium in the aldosterone‐sensitive distal nephron. For example, there is severe sodium retention in patients with Liddle syndrome because of gain‐of‐function mutations in ENaC that result in a rightward shift in the pressure‐natriuresis curve to maintain sodium balance. In patients with hyperkalemic hypertension (pseudoaldosteronism type 2), mutations in *WNK1*,*WNK4*, and *KLHL3* lead to activation of NCC, resulting in sodium and potassium retention.[23](#jah32566-bib-0023){ref-type="ref"} In these aforementioned examples, rare genetic mutations lead to these diseases, highlighting the important physiological role that the aldosterone‐sensitive distal nephron provides in sodium/potassium balance. In the current study, we determined a number of similar dysfunctional pathways when CD NOS1β activation is missing. First, there is NCC activation under NS and HS conditions, as reflected by significantly higher NCC phosphorylation,[24](#jah32566-bib-0024){ref-type="ref"} as well as inappropriately higher NKCC2 abundance in CDNOS1KO mice on NS or HS diets. Furthermore, there is a failure to suppress aldosterone as well as ENaC activity and ENaC channel number with HS feeding in CDNOS1KO mice. As a consequence, CDNOS1KO mice on an HS diet present with a significant increase in plasma sodium while maintaining normal plasma potassium. It is interesting to note, that we did not see a significant increase in plasma chloride, suggesting that there may be a significantly greater anion gap or perhaps differences in plasma bicarbonate in CDNOS1KO mice. Further study is needed.

Our data also suggest that CDNOS1KO may have a potassium‐handling defect, leading to a failure to suppress aldosterone on an HS diet. Although there were no significant differences in plasma potassium or steady‐state potassium excretion in CDNOS1KO mice in this study, an overnight fast of the animals unmasked a potassium‐handling problem with CDNOS1KO mice. The CDNOS1KO mice presented with significantly higher fasting plasma potassium levels on an NS diet. In humans, mineralocorticoids (ie, fludrocortisone) lead to an increase in NCC and NCC phosphorylation via potassium regulation,[25](#jah32566-bib-0025){ref-type="ref"} and aldosterone promotes ENaC‐dependent sodium reabsorption. Similarly, in rats, AngII infusion leads to an increase in ENaC activation and unregulated potassium secretion (as reflected by a significant reduction in plasma potassium) that secondarily stimulates NCC activity.[17](#jah32566-bib-0017){ref-type="ref"} Taken together, these data indicate that CD NOS1β functions to maintain sodium and, most likely, potassium balance. During consumption of an HS diet, if CD NOS1β activation is prevented, there is compensatory maintenance of circulating aldosterone leading to normalize plasma potassium at the expense of a loss of sodium homeostasis. Thus, HS‐mediated CD NOS1β activation functions to maintain systemic ion homeostasis through reducing ENaC activity and expression, NCC activation, and NKCC2 abundance, thereby promoting natriuresis. The mechanism linking CD NOS1β to aldosterone production, or rather how CD NOS1 promotes suppression of aldosterone during HS feeding, remains speculative at this point. Deciphering the mechanism of HS‐induced activation of NOS1β in the CD will be critical to elucidate novel therapies for maintenance of ion homeostasis and appropriate suppression of aldosterone. Studies are underway in our laboratory to fully understand these mechanism(s).

In animal models of AngII‐dependent hypertension, activation of intrarenal AngII via intrarenal ACE is critical for the increase in BP.[7](#jah32566-bib-0007){ref-type="ref"} This is also true in a model of low systemic infusion of AngII plus NOS inhibition; intrarenal ACE is required for the increase in BP observed in this model.[13](#jah32566-bib-0013){ref-type="ref"} CDNOS1KO mice on an HS diet show low plasma renin concentration and circulating AngII, which is similar to the model of low systemic AngII infusion with NOS inhibition. However, CDNOS1KO and control mice on an HS diet have similar expression of renal angiotensinogen, prorenin/renin, ACE, and AngII receptors. Thus, we conclude that CD NOS1β does not regulate intrarenal RAS per se. However, CD NOS1β does regulate renal AngII levels. As quantified by enzyme immunoassay, during HS feeding, mice lacking CD NOS1β have significantly higher renal AngII concentration. Increased renal AngII may also contribute to the inappropriate preservation of sodium channel/transporter abundance seen in CDNOS1KO mice on an HS diet, as AngII is well known to stimulate sodium channels/transporters along the nephron.[26](#jah32566-bib-0026){ref-type="ref"}, [27](#jah32566-bib-0027){ref-type="ref"}, [28](#jah32566-bib-0028){ref-type="ref"} Although the mechanism of how CD NOS1β regulates renal AngII remains speculative, recent work has determined that renal AngII levels are predominantly derived from the liver via uptake of liver‐derived angiotensinogen (a megalin‐dependent mechanism).[29](#jah32566-bib-0029){ref-type="ref"}, [30](#jah32566-bib-0030){ref-type="ref"} In the current study, renal‐derived angiotensinogen levels were determined by mRNA analysis, and did not correlate with renal AngII levels in CDNOS1KO mice on an HS diet. Furthermore, cortical angiotensinogen protein abundance (which would reflect liver‐derived angiotensinogen and renal‐derived angiotensinogen) also did not correlate with renal AngII levels in the CDNOS1KO mouse. Thus, if there is increased liver‐derived uptake by proximal tubules in CDNOS1KO mice, it is converted to AngII at a rate such that there is not a detectable difference in cortical angiotensinogen. However, this study did not detect a difference in prorenin/renin expression, ACE1 or ACE2 expression, or ACE activity. This suggests that the increased cortical AngII in HS‐fed CDNOS1KO mice may be derived via renin‐independent and ACE‐independent mechanisms. There is a growing body of evidence of renin‐independent and ACE‐independent AngII production via chymase.[31](#jah32566-bib-0031){ref-type="ref"}, [32](#jah32566-bib-0032){ref-type="ref"} For example, in the experimental hypertension models, Goldblatt 2‐kidney, 1‐clip model or the unilateral nephrectomy plus HS diet model, in vivo chymase inhibition (with chymostatin) resulted in a significant 75% and 50%, respectively, reduction in renal AngII content.[33](#jah32566-bib-0033){ref-type="ref"} Further study is warranted to determine whether CD NOS1β regulates renal AngII concentration through angiotensinogen uptake and/or chymase activity.

Study Limitations {#jah32566-sec-0025}
-----------------

A limitation to our study is that plasma aldosterone and plasma renin concentration were measured from plasma collected from anesthetized mice. However, it seems unlikely that CDNOS1KO mice on an HS diet have higher circulating aldosterone levels because of the anesthesia for the following reasons: (1) urinary aldosterone excretion from conscious, unrestrained mice mirrored the higher plasma aldosterone level in CDNOS1KO mice on an HS diet; (2) inappropriate ENaC activation was observed only in CDNOS1KO mice on an HS diet; and (3) plasma renin concentration suppression by an HS diet was further confirmed by the reduced circulating AngII in both genotypes on an HS diet (measurements obtained from plasma collected from restrained but conscious mice). The inappropriate concentration of circulating aldosterone may be partially explained by an increase in adrenal angiotensin II receptor type 1 receptor expression with HS in the CDNOS1KO mice, suggesting that CDNOS1KO mice have an increased sensitivity to AngII. Adrenal angiotensin II receptor type 1 receptor activation is a fundamental pathway resulting in aldosterone production.[34](#jah32566-bib-0034){ref-type="ref"}

Perspective {#jah32566-sec-0026}
-----------

It is well established that sodium is consumed in excess amounts in the industrialized world. Clinical studies have shown that sodium sensitivity occurs not only in patients with hypertension but also in persons with normotension.[35](#jah32566-bib-0035){ref-type="ref"} Furthermore, even in young patients, sodium intake significantly affects BP and pulse pressure.[36](#jah32566-bib-0036){ref-type="ref"} Combined with a one‐third incidence of high BP in the adult population, it is clear that determining mechanisms of natriuresis and BP control is necessary for the betterment of human health. Our data demonstrated that CD NOS1β‐derived NO plays a critical role in promoting natriuresis even when systemic RAAS and intrarenal RAS are appropriate. However, if CD NOS1β is absent or potentially mutated to prevent full functional activation during HS feeding, there is an initial inability to properly excrete the excess sodium leading to a rightward shift in pressure‐natriuresis and a return to balance.[1](#jah32566-bib-0001){ref-type="ref"} Mutations in NOS1 have correlated with hypertension in patients,[37](#jah32566-bib-0037){ref-type="ref"} including a single nucleotide polymorphism in intron 1,[38](#jah32566-bib-0038){ref-type="ref"} intron 21, or exon 29.[39](#jah32566-bib-0039){ref-type="ref"} Whether these NOS1 single nucleotide polymorphisms or other single nucleotide polymorphisms in genes mediating activation of NOS1 correlate with sodium‐sensitive BP changes remain to be determined.

Conclusions {#jah32566-sec-0027}
===========

This study demonstrates that sodium homeostasis is maintained during HS intake through activation of NOS1β in the CD. Loss of NOS1β in the CD during an HS diet exhibited a significant increase in plasma sodium with inappropriately high circulating and urinary aldosterone. High dietary sodium leads to elevated plasma sodium and endothelial dysfunction in humans[40](#jah32566-bib-0040){ref-type="ref"}, [41](#jah32566-bib-0041){ref-type="ref"}, [42](#jah32566-bib-0042){ref-type="ref"}, [43](#jah32566-bib-0043){ref-type="ref"} as well as loss of endothelial NO.[44](#jah32566-bib-0044){ref-type="ref"} Studies are underway in our laboratory to further probe the relationship of HS‐mediated activation of NOS1β in the CD with HS‐mediated loss of endothelial NOS3‐derived NO.
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